Abstract It is a retrospective analytic study of 1,009 transpedicular screws (689 thoracic and 320 lumbosacral), inserted with free-hand technique in neuromuscular scoliosis using postoperative CT scan. The aim of paper was to determine the accuracy and safety of transpedicular screw placement with free-hand technique in neuromuscular scoliosis and to compare the accuracy at different levels in such population. All studies regarding accuracy and safety of pedicle screw in scoliosis represent idiopathic scoliosis using various techniques such as free-hand, navigation, image intensifier, etc., for screw insertion. Anatomies of vertebrae and pedicle are distorted in scoliosis, hence accurate and safe placement of pedicle screw is prerequisite for surgery. Between 2004 and 2006, 37 consecutive patients, average age 20 years (9-44 years), of neuromuscular scoliosis were operated with posterior pedicle screw fixation using free-hand technique. Accuracy of pedicle screws was studied on postoperative CT scan. Placement up to 2 mm medial side and 4 mm lateral side was considered within-safe zone. Of the 1,009 screws, 273 screws were displaced medially, laterally or on the anterior side showing that 73% screws (68% in thoracic and 82.5% in lumbar spine) were accurately placed within pedicle. Considering the safe zone, 93.3% (942/1009, 92.4% in thoracic and 95.3% in lumbar spine) of the screws were within the safe zone. Comparing accuracy according to severity of curve, accuracy was 75% in group 1 (curve \90°) and 69% in group 2 (curve [90°) with a safety of 94.8 and 91.2%, respectively (P = 0.35). Comparing the accuracy at different thoracic levels, it showed 67, 64 and 72% accuracy in upper, middle and lower thoracic levels with safety of 96.6, 89.2 and 93.1%, respectively, exhibiting no statistical significant difference (P = 0.17). Pedicle screw placement in neuromuscular scoliosis with free-hand technique is accurate and safe as other conditions.
Introduction
The use of pedicle screw instrumentation was described by Boucher [5] in 1950s and was popularized by Roy-Camille et al. [34, 35] in 1960s. The initial use of pedicle screws began in the lumbar spine and as surgeons became more comfortable with the complex anatomy required for accurate screw placement, they evolved the use of pedicle instrumentation in thoracolumbar and thoracic spine [23, 24, 31] . Transpedicular screw fixation has many advantages over other spinal instrumentations such as Harrington rod fixation, Luque's instrumentation, etc., in various pathologies [1, 27, 31, 39, 45] . Pedicle screws also prevent the need to place instrumentation within the spinal canal like sublaminar wiring [6] , which creates the risk of neurological injury. When used in scoliosis surgery, transpedicular screws have been reported to enhance the operative correction [21, 39] .
Besides the advantages of pedicular screw, its use is not without complications [7, 15, 16] , especially when it penetrates in to the spinal canal. Because of its close proximity to spinal canal and surrounding vessels, misplacement of pedicle screw can lead to disastrous complication. So, accurate and safe placement of screw within the pedicle is a crucial step during the surgery. Various methods such as free hand technique, Penfield outside-in technique, under C-arm control, computer assisted navigational surgery and stereotectic surgery, etc., to put the pedicle screw have been described in the literature [20, 22, 29] . The use of intra-operative fluoroscopy for placement of pedicle screws has resulted in prolonged fluro time and radiation exposure to the surgical personnel and patient [32] . However, we have found that free-hand technique is relatively easy to learn and is as accurate [22] as the other methods, which were implemented in our study. There are also various intraoperative methods, such as SSEP, MEP or computer assisted surgery [11, 29] , described to detect pedicle violation or neural injury. The literature also showed that accuracy and safety of pedicle screws was around 90-95% in various pathologies on postoperative CT scan, MRI or radiogram [2, 8, 18, 30, 36, 37] . In this study, we used postoperative CT scan to measure the accuracy and safety of the pedicle screw fixation with free-hand technique.
Patients with neuromuscular scoliosis are extremely difficult to control with brace and early operative treatment is mandatory to prevent progression of curve and pulmonary deterioration [6] . The anatomies of vertebrae and pedicle are also distorted in patients with neuromuscular scoliosis like idiopathic scoliosis [28, 43] . Pedicle screw fixation in such patients is difficult, so accurate and safe placement is mandatory to achieve the fixation [33] . The close proximity of the spinal cord and major soft tissue structures including the aorta, esophagus and lung adds a great risk to the procedure [9, 42] . The narrow and inconsistent shape of the thoracic pedicles makes the placement of pedicle screws technically challenging. To our knowledge, no data are available for the accuracy and safety of pedicle screw fixation with free-hand technique in neuromuscular scoliosis. The objective of this paper is to evaluate the accuracy and safety of pedicle screw fixation using postoperative CT scan in neuromuscular scoliosis.
Materials and methods
Between 2004 and 2006, 37 patients (22 male and 15 female) with neuromuscular scoliosis (12 CP, 13 DMD, 6 SMA, 3 Polio, 2 Neurofibromatosis and 1 Posttraumatic paralysis) underwent correction and fusion with transpedicular screw fixation using the free-hand technique. The mean age at the time of operation was 20 years (range 9-44 years) and average preoperative Cobb's angle was 82°( range 30°to 150°).
In total, 1,009 screws were inserted; 689 screws in thoracic and 320 screws in lumbar spine. All pedicle screws were inserted using free-hand technique, in which anatomic landmarks and specific entry sites [10] were used to guide the surgeon. A spine fellow (HNM) reviewed digitized radiographs and CT scans of all the patients taken pre and postoperatively. All CT scans were digitized and viewed with the PACS system; hence all measurements were done with the help of software at a magnification of 300%. All screws were evaluated for intrapedicular placement and length twice, and their average values were taken for final calculation (r = 0.93, Pearson correlation coefficient). Any penetration of bony cortex was measured in millimeters. We have divided the medial or lateral penetration of the pedicle into grade 0 (fully contained within the pedicle), grade 1 (penetration \2 mm), grade 2 (penetration 2.1-4.0 mm), grade 3 (penetration 4.1-6.0 mm) and grade 4 (penetration [6 mm). The screw penetration anterior to vertebral body also measured the same. The screws displaced medially by \2 mm and laterally by \4 mm were considered as the screws within the safe zone, while the rest of displaced screws were considered as potentially at risk. We also analyzed the placement of screws according to severity of curves between group 1 (curves \90°) and group 2 (curves [90°u sing Chi-Square test. We also analyzed the thoracic pedicle screws placement according to upper thoracic (T1-T4), middle thoracic (T5-T8) and lower thoracic (T9-T12) levels using Chi-Square test.
Surgical technique
Spine was exposed, up to the tips of the transverse processes subperiosteally on both the sides. For the thoracic spine, facet joints were thoroughly cleaned off the soft tissue to ensure better visualization of bony landmarks. Neutrally rotated and the most distally located vertebra were chosen first for instrumentation. Starting point in all thoracic vertebrae was at the junction of a horizontal line along the inferior border of the facet joint and a vertical line at the junction of the outer third and inner two-thirds of the facet joint [10] , which was chosen as ideal entry point for thoracic pedicle. For lumbar spine, the junction of mammillary process, inferior aspect of transverse process, and pars interarticularis (Roy-Camille technique) were chosen as entry point. First, before making the entry with probe in to the pedicle for initial 10-15 mm, the entry point was made rough with rounger to prevent slippage of awl and visualization of cancellous bone. Then, the further passage in the pedicle was made with pathfinder, for first 20 mm curve; directed laterally and then rotated medially for further entry without undue force while inserting.
The ball tip probe, which has a 2-mm blunt round tip and is slightly curved, was used to check the entry point that was already made with the probe the first time before taking pathfinder. The ball tip probe was again used to check the integrity of pedicle when an entry was made up to 20 mm with pathfinder and then was lastly used at final creation of pedicle passage. Initially the pathfinder pointed laterally as a safety measure to avoid medial wall perforation and after a depth of around 20 mm, it is removed and rotated so that the tip faced medially, reinserted and advanced further. The average depth to which the pathfinder can be advanced is usually around 20-25 mm for the upper thoracic region, 25-30 mm in the mid thoracic region, 30-40 mm for the lower thoracic region and 40-45 mm for lumbar region. The pathfinder was removed and a ball tip probe was introduced to feel the intact medial, lateral, superior, inferior and anterior cortices at each step. If all the cortices felt intact, the entry was tapped up to 20-25 mm and again pedicle integrity was checked with ball tip probe. In the absence of any breach, the screw with the appropriate length and diameter was inserted. If we find any breach in the pedicle wall, again the entry was made in different direction. We inserted screws at all levels to increase the rigidity of the instrumentation. Antero posterior and lateral radiographs were taken after placing the first screw to check the level and after that, all the screws were inserted.
After insertion of all the pedicle screws, deformity correction was carried out using rod derotation maneuver and if necessary, in situ bending of the rod [38] was done. As associated procedure, posterior vertebral column resection technique was used only in some cases of stiff curve, usually more than 90°, and thoracoplasty was done if large rib hump was present after the correction maneuver. Then the decortications of all laminae and facet joints were performed and fusion was performed with autologous bone grafts with allograft. The closure was performed in a standard manner over negative suction drain. After the operation, once the patient become hemodynamically stable, postoperative radiogram and CT scan were performed in all the patients.
Results
A total of 1009 screws, 689 in thoracic and 320 in lumbar, were inserted in 37 patients, which averaged 27 screws per patients. The diameter of the screws used ranged from 5.5 to 6.5 mm, 5.0 to 5.5 mm, 4.0 to 5.0 mm and 3.5 to 4.5 mm in lumbar, lower thoracic (T9-T12), middle thoracic (T5-T8), and upper thoracic (T1-T4) pedicles, respectively.
Length of screws were 40-45 mm, 35-40 mm, 30-35 mm and 25-30 mm in lumbar, lower thoracic, middle thoracic, and upper thoracic area, respectively. The number of inserted screws and displaced screws that were displaced medially, laterally and anteriorly is summarized in Tables 1, 2 , 3, which shows that 27% (273/1009) of inserted screws penetrated either medial or lateral wall comprising 10.7% (108/1009) and 16.3% (165/1009), respectively. Sixty-six screws (6.5%) penetrated the anterior wall by an average of 1.8 mm (range 0.2-10.5 mm). Thus, 73% screws were accurate within the pedicle.
Of the 689 screws placed into the thoracic spine, a total of 217 screws (31.5%) were displaced either medially or laterally, which shows that 68.5% screws were accurately placed within pedicle. Ninety screws (13%) perforated the medial pedicle wall; 127 screws (18%) perforated the lateral pedicle wall and 39 screws (5.6%) perforated anterior wall. Of the 217 misplaced screws, 165 screws (76%) were within the safe zone, comprising 92.4% (637/689) safety of placement.
Of the 320 screws placed into the lumbar spine, a total of 56 screws (18%) were displaced either medially or Comparing the screw placement according to severity of curve, 71 and 84% screws were accurately placed within pedicle with overall accuracy of 75% for group 1; and 64 and 80% screws were accurately placed within pedicle with overall accuracy of 69% for group 2. While considering safe placement, 94.8 and 91.2% screws were within the safe zone (P = 0.35, paired t test), respectively, for groups 1 and 2 ( Table 1) .
Comparing the screw placement in different thoracic regions, 49, 93 and 76 screws were displaced either medially or laterally in the upper, middle and lower thoracic regions with an accuracy of 67, 64 and 72%, respectively (Table 3) . Similarly when it was compared in group 1 and group 2, it showed an accuracy of 66, 70 and 71%, respectively, in group 1 (Table 4 ; P = 0.17), while it was 72, 56 and 68% accurate in upper, middle and lower thoracic levels, respectively, in group 2 (Table 5 ; P = 0.02). Overall accuracy of pedicle screw placement was 71 and 64% in group I and group 2, respectively, which was statistically not significant (P = 0.13).
The average preoperative and postoperative Cobb's angle measured was 82°and 34°, respectively, with 58% correction rate. The same in group 1 was 60°and 19°with 68% correction rate and in group 2 was 110°and 53°with 52% correction rate. None of the patient in the study group deteriorated neurologically after the surgery. By comparing the preoperative and postoperative functional status by WHO criteria [44] , 20 (54%) patients improved functionally by at least grade one and also exhibited better satisfaction by their caretakers.
Discussion
Transpedicular stabilization has become an established method for instrumentation of the thoracic and lumbar spine because of its immediate rigidity, better coronal and sagittal correction and shorter fusion length in scoliosis surgery when compared to the other instrumentation techniques [1, 39] . Pedicle screw fixation of the thoracic spine is technically difficult with a high risk of potential complications such as neurologic, vascular and visceral injuries, associated with misplaced pedicle screws [7, 8, 12, 15, 16] . It also impairs the pull out strength [43, 46] of the implants and increases the chances of implant failure. Brown et al. [7] suggested there should be a considerable learning curve for using the pedicle screws in scoliosis surgery to avoid the complications. In our present study, we did not include initially the ten patients operated for neuromuscular scoliosis with pedicle screw instrumentation and considered them as learning curve although we were doing the surgery for adolescent idiopathic scoliosis regularly. Many morphometric cadaver studies have been performed to analyze the anatomic variability of the thoracic and lumbar spine [9, 13, 14] . Smallest pedicle diameters have been noted between vertebral bodies T4 and T7 with a minimum of 3.7 mm at T5 level [3] . In our study, we have also determined the diameter of the pedicle screw to put preoperatively on CT scan to put the screw sized 5.5-6.5 mm, 5.0-5.5 mm, 4.0-5.0 mm and 3.5-4.5 mm in lumbar, lower thoracic (T9-T12), middle thoracic (T5-T8) and upper thoracic (T1-T4) pedicles, respectively. Using epidural contrast, Reynolds et al. demonstrated radiographic evidence of more than 2 mm of lateral epidural space from T7 to L4. Gertzbein and Robbins [19] in their study included 71 thoracic screws between T8 and T12 with a 26% incidence of medial cortical penetration of up to 8 mm with only two minor neurologic injuries. They hypothesized a 4-mm safe zone of medial encroachment, which included 2 mm epidural space and 2 mm subarachnoid space. Lateral wall penetration or lateral extrapedicular screw placement of up to 6 mm resulting from the intentional use of the in-out-in technique was also considered acceptable, especially in the upper and middle thoracic spine where pedicle diameters typically measure only 4-5 mm. Considering the narrow margin of error [2, 26] in pedicular screw placement, we considered those screws within the safe zone which were displaced by \2 mm on medial side and by \4 mm on lateral side. In previous studies, rate of pedicle-wall perforation varied between 1.5 and 43% [2, 8, 11, 18, 20, 22, 29, 30, 36, 37] . Most studies have shown usually rates of misplacement between 28 and 43% and only a few studies have shown rates less than 5% [2] . We have found similar findings (27% pedicle perforations) reported to the literature.
Various techniques are being used to detect pedicle screw misplacement including guide pins into the pedicles, intraoperative C-arm image intensifier; direct visualization of the medial wall after laminotomy, 3D fluoroscopy, CTbased computer assisted navigational systems and advanced intraoperative neurologic monitoring [2, 4, 11, 20, 29] . Image-guided techniques result in high cost, expensive equipment and prolonged operating time. In spite of all these advances, studies using the free-hand pedicle screw insertion technique have also shown the lower rates of pedicle wall perforation in experienced hands [22, 40, 41] . We use this technique in our hospital for surgical correction of scoliosis. Various postoperative investigations such as radiogram, CT scan or MRI have been described to measure the accuracy of pedicle screws, which suggests CT scan as a more reliable method over radiogram [17] , so we analyzed our study with postoperative CT scan.
Suk et al. [41] reported only 67 screw malposition (1.5%) in 48 patients treated for idiopathic and congenital scoliosis with a deformity correction of 69% using postoperative radiogram. Brown et al. [7] found a safe placement of 93.8% in thoracic pedicle screw fixation using postoperative CT scan with free-hand technique, mainly in idiopathic scoliosis and Scheurmann kyphosis. Belmont et al. [2] reported 99% accuracy in thoracic pedicle screw fixation within the safe zone and concluded higher accuracy using fluoroscopic guided in-out-in technique, but the rate of breaching the pedicle wall was 43% in his study. In our present study, we found an overall accuracy of 73% within the pedicle and a safety of 93% within the safe zone. Vaccaro et al. [42] demonstrated a 23% medial cortical perforation with a mean spinal canal compromise of 5 mm in a cadaveric study without the use of fluoroscopy. The percentages of screw misplacement between the various levels in the thoracic spine also did not vary much as expected. The narrowest diameters of pedicles are found between T3 and T7 and a higher percentage of screw misplacement is expected at these levels, but in this study, they did not show figures as expected. In our study, considering the different levels in the thoracic spine, the displacement rate was 33, 36 and 27 with a safety of 96, 89 and 93% in the upper, middle and lower thoracic regions, respectively, which were statistically significant. The probable reason for that might be the narrow pedicle size in mid thoracic level that has been reported in the literature. Kuklo et al. [25] reported 96.3% safety in putting pedicle screws in patients with curves[90°a nd concluded that even in large magnitude curves, thoracic pedicle screws can be placed safely. We also compared misplacement of pedicle screws depending on the severity of deformity, and did not fiund significant (P = 0.35, ChiSquare test) difference. We think evaluating screw placement in different thoracic levels and according to severity of curve would be a positive part of this study.
In this study, complete neurological examination cannot be done in patients with neuromuscular scoliosis who were either uncooperative as in cerebral palsy or only sensory testing was available as in DMD or SMA. Hence, we could not correlate the radiological findings with clinical findings but there was no gross functional deterioration postoperatively. This might be the criticism for the study; however, this is the first study measuring the accuracy and safety of pedicle screw in neuromuscular scoliosis population which might be helpful for future studies. Recently Bogler et al. [4] reported that electrical conductivity measuring system using Pediguard may provide a simple, safe and sensitive method of detecting pedicle breeches during the procedure, even with free-hand technique. We also feel that use of this system with free-hand pedicle screw instrumentation would definitely be helpful to surgeons and would increase the accuracy and safety of this procedure (Figs. 1, 2, 3, 4, 5, 6, 7) .
Conclusion
Pedicle screw fixation with free-hand technique in neuromuscular scoliosis population appears to be an accurate and 
